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I.  INTRODUCTION
The major problem in the pasi development of the SNAP-8 boiler has been

the mercury and NaK incompatibility with the 9M tube material. The evidence

of excessive mercury side corrosion and NaK side embrittlement effects posed a
serious limitation on the lifetime expectancy of the SNAP-8 system. As an
approach to the solution of this basic problemn, boilers utilizing tantalum for
the mercury containment were considered. Two design concepts, namely, Ta-SS
double containment and Ta-SS bimetal boilers were designed, fabricated and
tested. This report deals with the experimental resulbs of a single tube

Ta-SS double-containment boiler designated SB-1. SB-1 is the 1/7 scale version
of the SNAP-8 double-containment boiler configuration that was tested at
NASA-LeRC, General Electric Company, and Aerojet-Azusa facility, respectively.
The original thermal design and the test results of the first full-scale boiler
are reported in References 1 and 5. The purpose of the SB-1 boiler operation
was to investigate the heat and momentum transfer characteristics of the
double-containment design concept and compare the results with full-scale
boiler operation. In view of relatively complicated heat transfer and

geometry between the flowing NaX and Hg in a full-scale boiler, the 1/7

scale version of the boiler permitted better NaK shell-tube skin temperature
measurements which, in turn, enabled better interpretation of the thermal
enviromment around and within the mercury flow passage. Detailed description of
the SB-1 boiler assembly, test apparatﬁs and operation is reported in Reference T
Figure 1 is an assembly drawing of the SB-1 boiler. Reference 7 also provides
the operating history of the boiler, the overall evaluation of the test results
and the findings of the boiler metallurgical post test inspection.

The objective of this memorandum is to evaluate the SB-1 boiler performance
chacteristics in the light of the comparative analytical results of the SNAP-8
boiler thermal design appreach. The test results are compared with the original
performance predictions based on dropwise dry-wall boiling theory(l) and the
heat and momentum transfer correlations derived from analytical two-phase flow
modals, wetting end nonwetting, in a helical flow regime(2’3).
II. T=ST RESULTS

The review of the SB-1 operating history and the test data summary

tabulation (Table 2 and Appendix I of Reference 7) indicates that the boiler
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was operated for a total of 2858 hours. This time period consisted of
twelve (12) start-ups and test runs. Except for the last test run (2K)

the test results of all preceeding test runs exhibited various states of
boiler deconditioning phenomena. The deconditioned state is assumed when

| ‘ =T ) and

, exit sat
low overall mercury side pressure drop, or low overall mercury side pressure

the test run exhibits either low mercury exit temperature (T

drop only. The former condition is referred to as total boiler deconditioning
state. The latter condition refers to a partial boiler deconditioning state.
The partial deconditioning state is manifested by poor local heaf transfer
rates in the plug insert section. The remainder of the boiler length, however,
performs to the design expectations and the vapor superheat is available at
the boiler exit.

During initial test run (#2) at 137 hours the boiler exhibited partially.
conditioned performance characteristics. The noted mercury exit temperature
and the mercury side pressure drop increase was from 1234 to 1270°F and 30
to 56 psi, respectively. Test run #2A showed a total deconditioned state
during the initial 30 hours. Thereafter the boiler performed in partially
deconditioned state for 761 hours. Various total deconditioning periods
from three to seven days were noted during test runs #2C to 2J until partially
conditioned state of the boiler was obtained. .

Prior to run 2K, the boiler Hg flow passage was cleaned per AGC Specifi-:
cation 10319-8B, Method 2. 1In addition, a leak tight loop was obtained. In
view of the’éxcellent results obtained during the run #2K-which followed. the
cleaning operation, it is obvious that prior to initial mercury injection and
during the consecutive shut-downs the mercury flow'passage surface cleanliness
was afflicted by various degrees of contamination. For this reason the
evallation of the test results is limited to test run #2K, the other test
rusn 2A through 2J are not representation of the boilers performance.

Three data point sets from run 2K, representing steady-state operation
at design NaK and Hg flow conditions, were selected to evaluate the SB-1 boiler
performance characteristics. These results are designated Data Points No. 1, .
2 and 3 at nominal, high and low NaK inlet temperature schedule, respectively.
The test results are presented in Figures 1, 2 and 3. They show the measured
NaK and Hg flow fates and the boiler terminal state cbnditions of the working
fluids. The boiler NaK side axial temperature distribution is depicted by
the NaK shell tube skin temperature measurements as shown by the legend
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notation. At seven (7) of the NaK shell tube axial locations the average
mean temperature around the circumference of the NaK shell tube is also
indicated. (The average mean temperature was established from several
circumferentially spaced T/C measurements around the NaK shell tube.)
These measurements show that nenuniform NaK temperature existed around the
oval-round tube assembly. The mercury side pressure drop distribution in
the plug insert and the swirl wire reglon was not measured. Only the Hg
side terminal state conditions were instrumented. The boiler operation
(Run 2K) demonstrated excellent steady-state performance characteristics
immediately ater the startup. The Hg vapor flow exit pressure oscillations
were *2 and *7 psi at high and low boiler NaK inlet temperatures, respectively.
The SB-1 test suction did not employ an inlet flow restrictor (orifice) to
induce a pressure drop at the mercury inlet end. It is expected that if such
were employed the pressure oscillations would be reduded.
III, TEST DATA VS ANATYTICAL MODEL EVALUATION

The comparison of the experimental NaK shell skin temperatgre‘plot
(1) as shown
in Figure 3, labeled TN-BODEAN, indicates that the slope of the experimental

with the original dry-wall boiling heat transfer design profile,

data is significantly steeper than the design prediction. This discrepancy
suggests that the tantalum’surface was wetted by mercury, and, therefore,
higher boiling heat transfer rates were obtained. For this reason, the
quantitative evaluation of the SB-1 boiler test results was conducted in the
light of idealized heat and momentum transfer models for helical two-phase
flow regime under tube wall surface wetting conditions. The analytical'and’
(2), (3) was utilized to formulate
the BOiler DEsign and PErformance analysis computer code (BODEPE)(h).

In evaluating the test data by means of the BODEPE computer code, the

experimental work of AGC and Geoscience

independent variables used in calculating the predicted results were chosen
to match those of the test varisbles wherever possible. The determination
of other variables and constants not directly available from the test and
snalytical model interpretation was established by trial and error calcu-
lations using several SB-1 boiler data sets. These calculations refer to
interface frictional pressure drop coefficient between the laminar annular
liquid film at the tube wall and the turbulent vapor core in the separated

helical two-phase flow model. The trial and error method estimated the
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interface frictional pressure drop coefficient values of .5 and .05 for the
boiler plug insert and swirl wire region, respectively. These values were
introduced as constants in the CODEPE computer code. The relatively large
value of the interface frictional pressure drop coefficient in the plug insert
region could possibly be attributed to extreme interface roughness caused by
liquid film breakup in the partially agglomerated spongy spheroid layer at the
tube wall. The existence of such a liquid film layer may be suggested from
Geoscience dbservations<8) of low quality mercury boiling experiment in a
tube with a transparent port.

The determination of the "vapor phase only" frictional pressure drop
coefficients was based on the correlation for helical flow passage (SFHX)
geometry (Reference 4, Appendix C, Section C-6). The “vapor flow only"
frictional pressure drop coefficients in the swirl wire (SW) region were
determined from the helical flow similarity considerations between the SW
and SFHX geometry. The trial and error calculations provided gSW = 0.6 gSFHX
which was used in the BODEPE code for 2K series test data analysis.

A comparison of experimental and analytical results of boiler performance
at nominal, high and low NaK temperature schedules is shown in Figures 1, 2,
and 3 respectively. The predicted operating parameters for SB-1 are shown in
column marked "BODEPE FIT-1." TN-1, THG-1 and PHG-1 curves are the corresponding
NaK and Hg temperature profiles and the Hg pressure profile, respectively. The
points marked by ((®)) on TN curve denote 10% vapor quality increments. The pre-
dicted TN curve represents mixed mean temperature in the NaK shell tube. As
expected, it falls below the NaK shell tube skin temperature measurements in
the high heat flux boiling region. The discrepancies noted in particular in
Figure 3 may be attributed to inaccuracies in temperature measurements.

The predicted mercury pressure profile plot, FHG-1, shows good agreement
with the measured pressure drop between the boiler terminals. The comparison
of the pressure drop at low (Figure 3) and high (Figure 2) NaK temperature
schedule (plotted together on Figure Y4) shows that significant pressure drop
variation in the boiler occurred in the 4 ft long plug insert section. This
variation was caused by the plug insert exit vapor quality rise from 12 to 23%.
The pressure drop variation dbwnstream of the plug insert is relatively
insensitive to NaK temperature conditions. The mercury liquid-vapor interface -
location is the first point marked (‘7) at the mercury inlet end of THG-1
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curve. From there on the THG~1l curve represents saturation temperature up to
100% vapor quality point, where the vapor superheating is initiated. The
analysis postulated that tantalum tube wall wetting prevailed up to 88% vapor
quality. Thereafter, a droplet-rivulet flow regime was assumed.

The as built nonsymmetric stagnant NaK layer thermal resistance of the
oval-round tube geometry was assumed to be a simplified concentric annular model
as provided in Appendix A. The test results also suggested that primary NaK side
£ilm thermal resistance may be lower than one predicted by uniform heat ihput
(5)
NaK gide film heat transfer coefficient than the Reference 5 correlation provides.

The test data comparison with the predicted results (BODEPE) based on

wetted boiling heat transfer and associated momentum transfer correlation showed

conditions. For this reason, the test data were evaluated using 20% higher

good agreement. The results depicted in Figure 3 are representative for low NaK
temperature schedule (1283°F) operation. TN-1 curve locates the boiling termi-

nation point at 19.2 £t length. The THG-1 curve locates the mercury superheat
design temperature of 1253°F at 2k.2 ft length. The availability of this
mercury vapbr temperature at 24.2 £t length suggests the boiler length reduction. '
Figure 2 represents the boiler operation at high NaK temperature schedule (1336°F),
vhere the boiling terminates at 14.8 ft length (TN—l curve) and the 30°F terminal
temperature difference (TNin--THGout) results at 20.5 ft length. The comparison
of low (Figure 3) and high (Figure 2):NaK temperature schedule operation reveals
that significant pressure drop variation from 21.3 to 70.2 psl occurs in the
plug insert vapor gquality region when the plug insert vapor exit quality goes
from 12 to 23%; These results imply that the magnitude of boiler total pressure
drop and its variation could be reduced by shortening both the plug insert and
the overall boiler length. These aspects are explored in section IV.

Typical heat transfer characteristics of the SB-1 boiler are shown in
Figure 5 and 6, where the local heat flux (Q/A), the overall conductance (U)

and the bulk mean NaK-to-Hg temperature difference (A is plotted in

TBULK)
terms of boiler length (L) and vapor quality (x), respectively. These plots
refer to test run 2K-1 and NaK temperature profile TN-1 as depicted in Figure 1.
In view of the relatively high mercury side film coefficients in the preheat

and wetted boiling region, the heat transfer in this drea is governed by nearly
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constant NaK side film and tube wall thermal resistance (U = 950 to 1100 btu/hl-

ft2—°F) and the significant ATB variation in the preheat section. The heat

transfer in the drywall boilingUiggion (x = 88 to 100%) is, however, a strong
function of relatively low and decreasing mercury side film coefficients resulting
in U variation from 160 to 4O btu/hr—ft2—°F. In the superheat region the U
variation is from 92 to 80 btu/hr—ftz—oF and the local heat fluxes are small and
gradually decreasing until the boiler mercury exit end is reached. The dis- |
continuities in the plots, noted in Figure 5 and 6, are caused by the changes

in the mercury flow passage internal geometry and the utilization of differeﬁt
two-phase flow heat and momentum transfer models. The summary tabulation of

the SB-1 boiler analysis is shown in Table 1, 2, and 3.

Iv, BOILER REDESIGN CONSIDERATIONS

In view of the relatively favorable agreement between the SB-1 boiler
test results and the BODEPE code predictions, this code was utilized to investi-
gate boiler design modifications. Excessively long superheat length, relatively
high pressure drop and pressure drop variation over the NaK inlet ’cempera.tu::'e'i
band in both the full-scale SNAP-8 double-containment boilers No. 1 and 2 and
the SB-1 boiler as well, certainly suggests that the plug insert and.overall
boiler length reduction may be beneficial. For this reason, the present
double-containment geometry was studied at reduced plug insert and overall
boiler length of 3 ft and 25 ft, respectively. Except for the length dimensions;
the independent variables used in calculating the predicted results of fhis
analysis, referred to as BODEPE FIT ~ 1A, are superimposed on the SB-1 boiler:
temperature and pressure profiles shoWn in Figures 1, 2, and 3. As can be seen
from Figure 3, the total boiler length of 25 ft is sufficient to provide the |
necessary mercury vapor exit state conditions of 255 psia and 1250°F at low
NeK temperature schedule. The plug insert length reduction from 4 to 3 ft
lengths resulted in a plug insert exit quality change from 12 to 10% and overall
boiler pressure drop change from 56.4 to L41.3 psi. The high NaK temperature
schedule comparison is depicted in Figure 2. It shows the plug insert quality
and the overall pressure drop reduction from 23 to 20% and 108.6 to 73.1 psi,
respectively. 'Figure 1 presents the comparative data at nominal NaK temperaﬁure
schedule. As can be seen from Figures 2 and 3, the assumed plug insert and

overall boiler length reduction of the SB-1 boiler would reduce the mercury
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side pressure drop variation over the NaK inlet temperature band from 52.2

to 31.8 psi. The plug insert length reduction also results in higher pinch
point temperature difference and NaK temperature profile shift towards the
mercury inlet end. The summary tabulation of the analysis for the modified
boiler length conditions is shown in Tables 1A, 2A and 3A. The comparative
results referring to the original SB-1 boiler length are contained in Teables i,
2 and 3. Graphical comparison of the pressure drop variatlion over the NakK
inlet temperature band for the original (-1) and modified (-1A) SB-1 boiler
length conditions, is shown in Figure L.

Comparative plots of the plug insert vapor exit quality (XPL) and the
plug insert pressure drop (APPL) versus pinch point temperature difference
(ATPP) are depicted in Figure 7. The ATPP range from 30 to T70°F corresponds
to boiler NaK inlet temperature variation from 1280 to 1330°F, respectively.
The reduction of the plug insert effective length from 4 to 3 £t is reflected
in reduced plug insert pressure drop and vapor exit quality values and their
variation over the NaK inlet temperature band. As a result of these pressure
drop conditions the plug insert section operates at a lower level absolute
pressure curve (PHG-1A, Figure 1, 2, 3) and consequently at increased pinch
point temperature difference.

V. CONCIUSIONS AND RECOMMENDATIONS

Successful operation of the mercury boiler requires considerable care

in maintaining purity of the system. In particular, the cleanliness of the
Hg passage surfaces under vacuum conditions prior to Hg injec¢tion is of
utmost importance.

Heat and momentum transfer predictions based on wetting and nonwetting
two-phase flow models are in good agreement with the experimental results.

The original design predictions of dropwise dry wall boiling theory
resulted in excessive conservative boiler heat transfer rates and excessive
boiler length. ’

The consideration of reduction in the plug insert and total boiler length
to 3 and 25 ft, respectively, shows that the desired Hg vaporization rate and
vapor exit state can be obtained with reduced pressure drop and pressure drop
variation within the prescribed boiler NaK inlet temperature band.

The non-uniform circumferential NaK shell skin temperature‘distribution‘

at and on both sides of the NaK exit terminal point indicates that severe
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circumferential temperature non-uniformity exists around the oval-round tube
mercury passage assembly. Simulated water flow tests with dye injection into
present full scale SNAP-8 boiler NaK flow passage configuration at G.E.(g) are
supporting this conclusion. The placement of NaK flow turbulence (mixing)
promoters into the NaK flow passage up to 8 feet from the NaK exit and-

exiting the NaK flow through several NaK shell tubé radial ports into a circular
manifold is visualized as a solution to better NaK flow temperature
distribution.

Based on these conclusions the following design modifications are proposed
for both the 1/7 scale experimental and the full scale double containment tanta-
lum-stainless steel boilers.

1. The total boiler length as measured between the center lines of the
NaK inlet and exit ports should be reduced to 25 feet.

2. The total multipassage plug insert length should be reduced to
3.5 feet. 1Its location in the tantalum tube is such that the distance between
the NaK exit port center line and the plug insert end point is 3.0 ft.

3. Uniform circumferential NaK temperature environment around the
mercury flow passages should be provided by suitable low pressure drop Nak
stream turbulence (mixing) promotors extending 5 ft beyond the end point of
the plug insert.

4, To secure uniform NaK température in the radial planes of the
stagnant NaK region the present single port NaK exit design should be modified
to a radial multiport geometry which discharges the NaK into an adjacent annular

or separate circular NaK receiving manifold.
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APPEIIDIX A

Wial, OB THTANCE TH OVAL-ROUND DUUL[E CCRTA T NMaR ' TU D

orathan Woas il

Typical oval-round double containment tube cross section is shown
in Pirmure A-1l. It involves varying stagnant NaKk thiclness distribution
wound the circular tube. The stagnant NaK thickness distribution is
dogendent on the tube eccentricity ratioc between the round and the oval
tube. The sccentricity of the tubes results from the nonuniform thermal
exnansion of the tube materials when the oval-round tube bundle is coiled .
in helical cenfiguration and heated to operating boiler temperature.

Such s peometry creates nonuniform thermal resistance and a nonsymmetric
temperature field between the flowing NaK and boiling mercury. The
munetric temperature field also creates a natural circulation heat
trrmsfer offect ol the stagnant Nak in the heat transfer pass. The
description of the oval-round tube heat transfer pass shows that a
complicated three dimensional heat transfer analysis must be employed

to determine the true temperature conditions in the mercury flow passage.
The complexity of both the heat transfer pass thermal conditions and the
two phose flow heat and momentum transfer correlations result in extreme
difficully in applying a three dimensional analytical approach. For

this resscn, a one dimensional analyticeal design approach was selected.
The heat flow between the primary and secondary fluids was assumed to

be strictly radial. The equivalent wall thermal resistance of oval-round
tube assembly was defined to account for nonsymmetric temperature field
around the mercury flow passage.

In the concentric position (Fig. A~l,a), the stagnant NaK was
considered to be of uniform thickness over entire periphery of the inner
tube, such that the stagnant volume in the equivalent wall equals that
of the actual wall. The volume of stagnant fluid is:

2
2

Vol

i

2
(TfrB +2r5£)-"r

m (L38)2 & (.38)(.27) -1 (.375)°
z2

1t

= n218 il’l
The ecuivalent uniform thickness is then found from
Ar
Vol = 2 (rq + ?;) Ar
WiRNCe

The thermal resistance of the equivalent stagnant NaK thickness referenced
to mercury tube I.D. is then

A-1



hr=ft°-°F

r
1 Ar )
R = e e = 00044
concentr r 12K btu
st
. rj - r2
where r o= Tn oy
in 17)/3"2

ry = <535 in. Ta tube I.D.

PP = 375 in. Ta tube 0.D.

r3 = «395 in. Analytical stagnant Nal containment tube I.D,

K_ = 15 but/hr-ft-°F

The thermal resistance through maximum eccentrically situated oval-round tube
ceometry iz treated by assuming inner and outer tubes as being concentric

over some fraction of the periphery, say 60%, and the remainder (LOX) as being -
comprised of concentric walls separated by staghant NaK at the maximum eccentricity.
For that particulazr case (Fig. A-1,b), the stagnant NaX thicknesses and their
thermal resistances are:

Arl =Ty =T, = .380 = ,375 = ,005 in.
‘R = I‘l !\l"l - 0335 .065 , _ OOOOQ ; hr_fta_OF
LT = e T 378 @2)GE) T T T btw
r “ Pst
1
Ar
1 _ .005 _ .
r In(r,/r_ ) =~ 1n 1.013 -3778 in.
52
nad
Ar. = rB' - r2 = ,895 - 375 = ,520 in.
R = 1 ffa___ _ #2335  .520 - 00162 hroft2-oF
2 T - 17K 597  (12)(15) ~ o but
r st
Ar
2 520 R
v = =52z = .597 in.
1"2 1n (r31/r2) in 2-39

Lumping the two resistances in parallel resistance network, the overall
thermal resistance is calculated as follows:



e

eccentr. 1 2

= 24390 + 2469

= 26859
2
; hr-ft~=°F
_ Lz =it = o
Reccentr. = -0000%3 btu

The comparison of thermal resistance ayrroximations of oval/round tube

concentric (R ) and eccentric (R ) geometries shows that
concentr., eccentr.
R = (1) R
eccentr, concentr.

Brged on this approximation, it seems credible thiat any tube horizontal
eccentricty reduces the stagnant NaK thermal resistance from the maximum
vaiue when the tubes are in concentric position. For this reason, the

utilization of R = 00044 hr-ft2-°F/btu in local boiling heat transfer
concentr, .

analysis throughout the boiler length can be considered es a reasonable con-
servative value.
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